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Triplex-forming oligonucleotides (TFOs) with both DNA and 2 -O-methyl RNA backbones can direct psoralen photoadducts
to speciﬁc DNA sequences. However, the functional consequences of these diﬀering structures on psoralen photoreactivity are
unknown. We designed TFO sequences with DNA and 2 -O-methyl RNA backbones conjugated to psoralen by 2-carbon linkers
andexaminedtheirabilitytobindandtargetdamagetomodelDNAduplexescorrespondingtosequenceswithinthehumanHPRT
gene. While TFO binding aﬃnity was not dramatically aﬀected by the type of backbone, psoralen photoreactivity was completely
abrogated by the 2 -O-methyl RNA backbone. Photoreactivity was restored when the psoralen was conjugated to the RNA TFO
via a 6-carbon linker. In contrast to the B-form DNA of triplexes formed by DNA TFOs, the CD spectra of triplexes formed with
2 -O-methyl RNA TFOs exhibited features of A-form DNA. These results indicate that 2 -O-methyl RNA TFOs induce a partial
B-to-A transition in their target DNA sequences which may impair the photoreactivity of a conjugated psoralen and suggest that
optimal design of TFOs to target DNA damage may require a balance between binding ability and drug reactivity.
1.Introduction
Psoralens plus ultraviolet A (UVA) therapy are widely used
in the treatment of psoriasis and other inﬂammatory skin
diseases. Psoralens intercalate at 5  TA 3  sites and react
with thymines upon exposure to UVA. With absorption of
the ﬁrst UVA photon, psoralens form monoadducts (MA),
and subsequent exposures may convert furan-sided MA to
interstrand crosslinks (XL). This ability to manipulate lesion
formation makes psoralens attractive agents for studying
DNA damage and repair and for potentially controlling
the therapeutic response. Triplex-forming oligonucleotides
(TFOs) oﬀer a promising approach to target drugs such as
psoralens to speciﬁc genes of interest in living cells. However
the metabolic activities and electrostatic forces of the cell
introduce a major obstacle to this interesting drug delivery
system.
In order to overcome barriers to intracellular binding to
DNA, TFOs have been extensively engineered. One strategy
has been to utilize 2 -O-methyl RNA which has been
reported to signiﬁcantly enhance the binding aﬃnity relative
to DNA-based TFOs [1–5]. It has been suggested that the
C3 -endo conformation of the ribose sugar is appropriate
for triplex formation [6, 7] and that 2 -O-methyl RNA
enhances the TFO association rate without hindering the
activity of a psoralen conjugated at the 5  terminus [1, 8].
However, the C3 -endo conformation of an RNA TFO also
introduces major structural changes in the major groove
and in the helical periodicity of the target sequence [6, 9,
10]. For example, in an intramolecular triplex formed by a
2 -O-methyl RNA pyrimidine-motif TFO, the helical twist
increased, and the helical axis was displaced in the purine-
Hoogsteen pair, introducing a dominant A-like structure,
when compared with the corresponding DNA TFO, where
the dominant structure is B-form [6]. In addition, an RNA
thirdstrandhasalsobeenreportedtoinduceconformational
changes in the sugars of the purine strand of duplex DNA,
which resulted in a local B-to A-DNA transition [11, 12].
Partial B- to A-DNA transitions have also been observed in
triplexes formed by 2 -O-methyl RNA strands [13]. These2 Journal of Nucleic Acids
Table 1: Binding and photoreactive eﬃciencies for TFOs conjugated to HMT.
TFO
Kd Photoeﬃciency
Nondenaturing
gel (nM)
Denaturing gel
(nM) k1 (J/cm2)−1 k2 (J/cm2)−1
TFO DNA-C2 63 ± 57 . 0 8 ± 2.6 19 ± 0.5 0.55 ± 0.04
TFO RNA-C2 75 ± 18 — 0 0
TFO RNA-C6 36 ± 4 10.96 ± 2.6 24 ± 41 . 6 ± 0.05
5  TGTACTGATTTTCATTTCTCTTTTTCTTCTAGAATGTCTTG
Target 3  ACATGACTAAAAGTAAAGAGAAAAAGAAGATCTTACAGAAC
TFO DNA-C2 TTCGTTTCTCTTTTTCTTCTP 5 
TFO RNA-C2 or -C6 UUCGUUUCUCUUUUUCUUCUP 5 
Figure 1: TFO and target DNA sequences. TFOs composed of
either DNA or 2 -O-methyl RNA are depicted. P represents HMT
conjugated to the TFO by either a 2- or 6-carbon linker.
induced transitions may potentially alter the activity of
TFO-conjugated drugs that interact with the DNA. In this
work, we studied the eﬀects of the 2 -O-methyl RNA TFO
modiﬁcation on the photoreactivity of psoralens conjugated
tothem.WeobservedthatrelativetothecorrespondingDNA
TFOs, 2 -O-methyl TFOs can dramatically restrict psoralen
reactivity in association with a B- to A-DNA transition in the
target sequence.
2.MaterialsandMethods
2.1. Oligonucleotides. Synthetic gel-puriﬁed oligonucleotides
(Oligos Etc., Wilsonville, OR) used as target sequences
are shown in Figure 1. The 41 base pair target sequence
corresponds to the sequence of the junction between intron
4 and exon 5 of the human hypoxanthine phosphoribosyl-
transferase (HPRT) gene, similar to that targeted in Chinese
hamster ovary cells [14] .A l lT F O sw e r e2 0n u c l e o t i d e -
long pyrimidine-motif sequences that bind parallel to the
purine strand of the target DNA duplex and that were
conjugated through a saturated 2- or 6-carbon linker to
the psoralen derivative, 4 -hydroxymethyl trimethylpsoralen
(HMT), at their 5  termini. TFO DNA-C2 contained a DNA
backbone with a 2-carbon linker, while RNA-C2 and RNA-
C6 possessed 2 -O-methyl RNA backbones with 2- and 6-
carbon linkers, respectively.
2.2. Triplex Formation on Genomic DNA. Human genomic
DNA was puriﬁed from HT1080 cells by phenol extraction.
10μM TFO DNA-C2 or TFO RNA-C2 were incubated with
1μg genomic DNA in the presence of binding buﬀer (10mM
T r i s ,p H7 . 0 ,2 0m MM g C l 2,1mM spermidine) at room tem-
perature overnight. The mixtures were then irradiated with
0.2J/cm2 UVA and analyzed by single-strand ligation PCR as
described previously [15]. Brieﬂy, following UVA treatment,
the samples were digested with Dde Iw h i c hg e n e r a t e sa
DNA fragment that includes the TFO binding site. Samples
were then subject to primer extension with a biotinylated
primer (5  Biotin-GGGTTGTTATGATGTGATTTGACTT),
and products were captured with streptavidin-coated mag-
netic beads (Dynal, Oslo, Norway) and ligated at their 3 
termini to a ligation oligonucleotide. The ligation prod-
ucts were then ampliﬁed using primers 5  GTTATGATGT-
GATTTGACTTATAATTG (primer 2) and 5  TATGACTAT-
GCATGATCTACGAT (ligation primer) and then linearly
ampliﬁed with 32P-end-labeled 5  GATGTGATTTGACT-
TATAATTGGAAATA (primer 3). The 32P reaction products
were separated on a denaturing gel and quantiﬁed by
phosphorimaging, and relative intensities of the undamaged
and adduct site were calculated.
2.3. Target Duplex DNA and Triplex Formation. Synthetic
duplex DNA targets containing the TFO binding sites were
formed by annealing the complementary target sequences
shown in Figure 1. Prior to annealing, the purine strand
of the target duplex was labeled at the 5 -terminus with
32P using T4 polynucleotide kinase (GE Healthcare, Piscat-
away, NJ). Equimolar quantities of complementary oligonu-
cleotides were mixed in 10mM Tris, pH 7.5, 1mM EDTA,
heated to 95◦Cf o r5m i n ,a n dc o o l e dt or o o mt e m p e r a t u r e
over several hours. 5nM of the resulting duplex was
incubated with TFOs in binding buﬀer at room temperature
overnight. The equilibrium products (duplex and triplex)
were separated on a 6% neutral nondenaturing polyacry-
lamide gel and quantiﬁed by phosphorimaging (Bio-Rad
GS-360). The dissociation constant, Kd, was obtained by
ﬁtting the bound fraction to a two-state model, as previously
described [16]. For studies of photoreactivity, the equilib-
rium TFO-duplex binding mixture was irradiated with UVA
as described previously [16] .T h ep r o d u c t sw e r es e p a r a t e d
on a 6% denaturing polyacrylamide gel, quantiﬁed by phos-
phor imaging and an apparent Kd and the photoeﬃciency
constants for MA and XL formation, k1 and k2,r e s p e c t i v e l y ,
were obtained by analyzing the product fraction as described
before [16].
2.4. Circular Dichroism (CD). DNA duplex and triplex
samples without 32P labeling were prepared as described
above and transferred to a 2mm pathlength cuvette. CD
spectra were measured in a JASCO J-710 spectropolarimeter
equipped with a Xenon lamp. The data from 210nm to
320nm were recorded with a sensitivity of 100mdeg, 1nm
bandwidth, 0.1nm stepsize, and scan speed of 20nm/min.
The spectral data reported are the average of 5 scans.Journal of Nucleic Acids 3
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Figure 2: Noncovalent bindingof TFOsto duplextarget. Varyingconcentrations of(a) TFODNA-C2, (b)TFORNA-C2,and (c) TFORNA-
C6 were incubated with 5nM target DNA duplex overnight before polyacrylamide gel electrophoresis under nondenaturing conditions. Gel
bands were quantiﬁed and the data was ﬁt with a two-state binding model.
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Figure 3: Binding of TFOs to genomic DNA targets. 2μMo fT F O ,
either TFO RNA-C2 (lanes 2 and 3) or TFO DNA-C2 (lane 4)
were incubated with genomic DNA puriﬁed from HT1080 cells and
mock irradiated (lane 2) or irradiated with 0.2J/cm2 UVA (lanes
3 and 4) and analyzed by single-strand ligation PCR to assay for
undamaged (U) and site-speciﬁcally damaged (D) DNA. Lane 1 is a
10 base pair DNA ladder.
3. Results andDiscussion
3.1. 2 -O-Methyl RNA Backbones Minimally Aﬀects TFO
Binding. As shown in Figure 1,T F O sw e r ed e s i gn e dt ot a r g e t
the junction between intron 4 and exon 5 of the human
HPRT gene. TFO DNA-C2 is a DNA TFO conjugated to
HMT at the 5
  end with 2-carbon linker. TFO RNA-C2 is
the corresponding 2
 -O-methyl RNA TFO. TFO DNA-C2,
when equilibrated with the synthetic DNA duplex target,
caused a near-quantitative mobility shift on nondenaturing
gel electrophoresis, indicating triplex formation (Figure 2).
Quantiﬁcation of band intensities indicated that TFO DNA-
C2 bound with reasonable aﬃnity to the DNA target
(Figure 2, Table 1). Under the experimental conditions used,
the observed Kd value of 63nM for binding of TFO DNA-C2
to human HPRT target is comparable to previously observed
values of about 130nM in rodent DNA [8, 17].
A number of prior reports, however, have indicated
that the 3
 -endo form of the ribose sugar in an RNA
TFO enhances the TFOs binding aﬃnity relative to the
corresponding deoxyribose backbone [1–8]. This binding
enhancement was attributed to the 3
 -endo form being the
optimum conformation for Hoogsteen base pairing [6].
Relative to the DNA TFO, the RNA TFO introduces other
structural modiﬁcations that further enhance TFO binding
ability [1–3, 5, 8]. For example, the 2
 -O-methyl group
positionedbetweentheTFOandduplexpurinestrandfavors
the formation of additional van der Waal contacts [6, 18].
In an attempt to improve TFO binding, TFOs RNA-C2
and RNA-C6 were designed to possess 2 -O-methyl ribose
backbones and uracil bases instead of thymine and were
conjugated to HMT via 2-or 6-carbon linkers, respectively.
Although the 2 -O-methyl modiﬁed TFOs were expected to
bind with higher aﬃnity to the duplex DNA target [1, 5, 8],
they actually exhibited binding aﬃnities quite similar to that4 Journal of Nucleic Acids
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Figure 4: Covalent binding of TFOs to duplex target following UVA. Varying concentrations of (a) TFO DNA-C2 or TFO RNA-C2 or of
(b) TFO RNA-C6 were incubated with 5nM target overnight prior to irradiation with 2J/cm2 UVA. The products were then analyzed by
polyacrylamide gel electrophoresis under denaturing conditions and denoted as unreacted (U), monoadducts (MA), and crosslinks (XL).
of TFO DNA-C2 (Figure 2, Table 1). While TFO RNA-C2
had a Kd that was not signiﬁcantly diﬀerent from that of
T F OD N A - C 2 ,am o d e s tr e d u c t i o ni nKd was observed for
TFO RNA-C6, suggesting that the 6-carbon linker further
stabilizes binding by allowing better psoralen intercalation,
or less likely through direct interactions with the triplex
structure, consistent with observations in DNA TFOs [19].
This lack of dramatic enhancement in binding aﬃnity of
RNA third strands binding to DNA duplexes has also been
observedpreviouslybyHanandDervan[20]andma ybedue
to the RNA TFO’s lack of the C-5 methyl group in uridine
which likely enhances base stacking and triplex stability [1–
3, 18, 21, 22].
3.2. 2 -O-Methyl RNA Backbones Aﬀect HMT-TFO Photore-
activity. To detect the binding of TFOs to genomic DNA,
we incubated TFOs with human genomic DNA, irradiated
the binding mixtures with UVA, and assayed for site-speciﬁc
psoralen photoadducts using single-stranded ligation PCR.
The particular conditions and primers used would be
expected to produce PCR ampliﬁcation products of 163 base
pairs for undamaged DNA and of 95 base pairs for DNA
damaged by psoralen photoadducts at the TFO target site.
As shown in Figure 3, in the absence of UVA, no
site-speciﬁc adducts were detected. Following UVA irra-
diation, TFO DNA-C2 treatment resulted in site-speciﬁc
photoadduct formation in a signiﬁcant fraction (87%) of the
genomicDN A.Incontrast,TFORN A -C2treatmentfollowed
by UVA irradiation resulted in a barely detectable band at the
expected photoadduct site that constituted a much smaller
fractionofthetotalgenomicDNA,indicatingthatlittleDNA
damage was targeted by TFO RNA-C2. Since the single-
strand ligation PCR assay does not clearly discriminate
between MA and XL formation and poor binding, we
examined the photoproducts more carefully.
Binding of TFOs conjugated to HMT allows the HMT to
react with adjacent target thymine. The HPRT duplex target
sequence possesses a 5  TpA 3  site immediately adjacent
to the 5  terminus of the TFOs, potentially allowing both
MA and XL photoadducts to form upon TFO binding and
UVA exposure. UVA exposure thus allows covalent capture
of all triplex structures in which psoralen photochemistry is
possible. Following binding of TFOs to the duplex target,
samples were irradiated with UVA and the products were
analyzed by denaturing gel electrophoresis. As shown in
Figure 4(a), TFO DNA-C2 created dose-dependent covalent
photoadducts corresponding to MA and XL. The Kd for TFO
DNA-C2 that was obtained from analysis of photoproducts
in denaturing electrophoretic gels was almost ten-fold lower
than that obtained from non-denaturing gels (Table 1). The
diﬀerence in Kd may signify that psoralen photoadduct
formation drives additional binding.
In contrast, upon UVA irradiation, TFO RNA-C2 exhib-
ited acompleteinability todeliver photoadductstothetarget
sequence (Figure 4(a)). TFO concentrations up to 10μM
were ineﬀective in producing detectable MA or XL (data
not shown). However, photoreactivity could be restored by
increasing the linker length between TFO and HMT moieties
(Figure 4(b)). TFO RNA-C6 generated dose-dependent MA
and XL comparable to TFO DNA-C2, and analysis of the
covalent photoadducts resulted in an apparent Kd that was
also similar to TFO DNA-C2. The dependence of photore-
activity when going from 2- to 6-carbon linkers in RNAJournal of Nucleic Acids 5
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Figure 5: Photoreactivity of TFOs conjugated to HMT. 50nM TFO DNA-C2 or TFO RNA-C6 were incubated with 5nM duplex target
overnight and then irradiated with varying doses of UVA. (a) Separation of reaction products by polyacrylamide gel electrophoresis under
denaturing conditions. The products are marked as unreacted (U), monoadducts (MA), and crosslinks (XL). Quantitative analysis (b) TFO
DNA-C2 and (c) TFO RNA-C6 for unreacted DNA (circles), MA (squares), and XL (triangles).
TFOs is consistent with a previously reported dependence
of mutagenesis on linker length in DNA TFOs [19]. Our
results indicate that although TFO backbone composition
does not markedly alter TFO binding aﬃnity to the target,
it can profoundly aﬀect psoralen photoreactivity.
To assess TFO photoreactivity in further detail, we
exposed TFOs bound to the duplex DNA target to varying
UVA doses and analyzed the resulting MA and XL pho-
toadducts as a function of UVA dose by modeling the data
with a standard model for psoralen photokinetics [16, 23].
Both TFO DNA-C2 and TFO RNA-C6 reacted with the
target DNA duplex by ﬁrst forming MAs that converted to
XLs with subsequent UVA excitation (Figure 5(a)). While
MAs formed at approximately similar eﬃciencies (k1), XL
formation (k2) was almost 3-fold more eﬃcient with TFO
RNA-C6 (Figures 5(b) and 5(c), Table 1). The ability of a
6-carbon linker to restore psoralen photoreactivity indicates
that the 2 -O-methyl sugar is likely not simply causing the6 Journal of Nucleic Acids
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Figure 6: CD spectra of TFOs bound to duplex DNA. Shown
are spectra for target DNA duplex alone (dashed line) or duplex
incubated with TFO DNA-C2 (thin line) or TFO RNA-C2 (bold
line).
TpA site to become locally sterically inaccessible. Rather,
we speculated that a more global change occurs upon 2 -
O-methyl RNA TFO binding that renders the TpA site
inaccessible to psoralen when tethered to TFO via a 2-carbon
linker, but not a 6-carbon linker.
3.3. Distortion from B-Form DNA upon Binding of RNA
TFOs. We hypothesized that our 2 -O-methyl RNA TFOs
induce a local A-DNA structure in the duplex DNA target
underourtriplex-formingconditions,ashasbeenpreviously
described for RNA TFOs bound to DNA duplexes [11, 12].
To speciﬁcally identify structural changes to the triple helix
that might hinder psoralen intercalation and/or photoreac-
tivity, we measured circular dichroism (CD) spectra of our
triplexes. As expected and observed previously by others the
free DNA and RNA TFO showed CD spectra corresponding
to B- and A-Form, respectively [24–26] .T h eC Ds p e c t r u m
of both the target DNA duplex alone and triplexes formed
by target duplex and TFO DNA-C2 each exhibited both a
positive peak at 280nm and a negative peak near 250nm,
and these peak intensities were conserved due to the Cotton
eﬀect, indicating that both the DNA duplex and triplex are
predominantly in the B-form (Figure 6)[ 26–29]. If present,
the local B- to A-DNA transition might require a large
reorientation of psoralen to intercalate into the target site,
hinderingthepsoralenactivity.Incontrast,theCDspectrum
of triplexes formed by TFO RNA-C2 exhibited shifts in the
positive peak to 270nm while the negative peak shifted
to 245nm, and the peaks were non-conserved, indicative
of base tilting or distortion. These spectral features are
characteristic of A-DNA in which the bases are oriented in
a twisted propeller rather than planar conﬁguration [18, 27–
29]. In addition, the results are consistent with prior CD
data indicating the presence of the A-DNA conformation
in an intramolecular triplex formed with DNA duplex part
and 2 -O-methyl RNA third strand [13]. While NMR studies
conducted on a similar triplex did not observe A-DNA in 2 -
O-methyl RNA-DNA triplexes [6], the number of base pairs
per helical twist was found to be near 11bp which is close to
that of A-DNA [6].
In any case, our results indicate that the 2 -O-methyl
RNA TFO induces helical transitions that are associated with
reduced photoreactivity of psoralen when it is conjugated
to the TFO with a 2-carbon linker. Because the helical
periodicity increases from 10.5 base pairs per helical turn
in B-DNA to 11 base pairs per helical turn in A-DNA, we
speculate that the A-form DNA conformations induced by
theRNATFOsmovetheTpAsiteoutofrangeofthepsoralen
whenitisconjugatedtotheTFObya2-carbonlinker,butnot
a 6-carbon linker.
4. Conclusions
TFOs are promising agents for targeting DNA damage
to speciﬁc sites in the genome and may be exploited to
introduce sequence speciﬁc mutations or to alter gene
expression [29–31]. The conjugation of psoralens to TFOs
can enhance these eﬀects [29]. In general, the enhancement
of binding aﬃnity as well as the stability of TFOs by
modiﬁcationsofthesugarandbasestructureisanticipatedto
translate into better targeting of DNA damage and biological
eﬀects. However, in some cases, enhanced binding aﬃnity
in vitro due to chemical modiﬁcations to the backbone and
bases has been associated with diminished biological activity
from the conjugated psoralen [7]. Our results indicate that
at least certain TFO modiﬁcations can result in structural
changes that impair psoralen photoreactivity. Therefore, in
certain cases, optimal design of TFOs to target DNA damage
by psoralen may require a balance between maximizing
binding ability and preserving drug reactivity. An additional
consideration is that the structural changes induced by
diﬀerentTFOstructuresmayalsobediﬀerentiallyrecognized
and processed by DNA repair pathways.
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